Abstract. We report evidence for ice catalyzing N 2 O 5 heterogeneous hydrolysis from a study conducted near Fairbanks, Alaska in November 2007. Mixing ratios of N 2 O 5 , NO, NO 2 , and ozone are reported and are used to determine steady state N 2 O 5 lifetimes. When air masses are subsaturated with respect to ice, the data show longer lifetimes (≈20 min) and elevated N 2 O 5 levels, while ice-saturated air masses show shorter lifetimes (≈6 min) and suppressed N 2 O 5 levels. We also report estimates of aerosol surface area densities that are on the order of 50 µm 2 /cm 3 , a surface area density that is insufficient to explain the rapid losses of N 2 O 5 observed in this study, reinforcing the importance of other reactive surfaces such as ice. Consideration of two possible responsible types of ice surfaces, the snowpack and suspended ice particles, indicates that both are reasonable as possible sinks for N 2 O 5 . Because ice-saturated conditions are ubiquitous in high latitudes, ice surfaces are likely to be a key loss of N 2 O 5 , leading to nitric acid production and loss of NO x in high latitude plumes.
Introduction
Tropospheric pollutants such as ozone and nitric acid (HNO 3 ) are of growing concern due to their environmental impacts and associated health concerns. Nitrogen oxides, particularly the rapidly cycling family referred to as NO x (=nitric oxide, NO+nitrogen dioxide, NO 2 ), play a critical role in the production of ozone and HNO 3 in the troposphere. During the day, NO x enters catalytic cycles that produce ozone, and in some locations the amount of ozone produced is considered hazardous to human health (Finlayson-Pitts and Pitts, 2000) . NO x can also destroy ozone at night (Brown Correspondence to: W. R. Simpson (ffwrs@uaf.edu) et al., 2006a) . From an atmospheric chemistry viewpoint, ozone is also important in that it controls many aspects of atmospheric oxidation processes. The ultimate fate of NO x is to be oxidized to nitric acid and subsequently deposited to the surface of Earth. NO x oxidation and removal limits the extent to which catalytic production of ozone occurs. Furthermore, deposition of HNO 3 generated by NO x oxidation results in acid deposition and nitrogen fertilization, potentially altering soil and surface water nutrients and pH and causing changes in biota in sensitive ecosystems (Fenn et al., 2003; Bergholm et al., 2003; Allan et al., 1999; Heintz et al., 1996; Andersen and Hovmand, 1995) .
Atmospheric NO x removal chemistry is diurnal in nature, with different processes occurring during day and night. Daytime NO x removal is driven by the presence of the hydroxyl radical (OH) in the following reaction, NO 2 +OH+M→HNO 3 +M.
Nighttime removal of NO x proceeds through the formation of the oxidative intermediates nitrate radical ( NO 3 ) and dinitrogen pentoxide (N 2 O 5 ) in what is termed the "dark" oxidation pathway. 
In the following sections of this manuscript k i refers to the rate coefficient for Reaction (Ri).
In recent years, multiple optical techniques to detect NO 3 and N 2 O 5 have been developed to study this pathway (Platt et al., 1980; Geyer and Stutz, 2004; Stutz et al., 2004; King et al., 2000; Brown et al., 2001 Brown et al., , 2002 Brown et al., , 2003 Simpson, 2003; 7452 R. L. Apodaca et al.: Ice and high-latitude NO x chemistry Nakayama et al., 2008) . In a number of studies, these techniques have been used to determine NO 3 and N 2 O 5 lifetimes, and one study has demonstrated the direct determination of the reactive uptake coefficient of N 2 O 5 , γ (N 2 O 5 ), on ambient aerosol particles (Brown et al., 2006b ).
The landmark modeling study by Dentener and Crutzen (1993) suggests that the dark loss mechanism is the main loss process of nitrogen oxides at high latitudes in winter. Factors that contribute to the prominence of the dark oxidation pathway at high latitudes are outlined below. Long nights allow NO 3 to form without photolysis acting as a major sink. Short days and low sunlight intensity result in low OH radical abundance that reduces the importance of the daytime NO x oxidation pathway. Reactions (R2) and (R3) are half reactions of a temperature dependent equilibrium between NO 3 and N 2 O 5 . Thermal dissociation of N 2 O 5 (Reaction R3) results in similar abundances of NO 3 and N 2 O 5 under warm conditions. However, under cold conditions, such as at high latitudes, the dissociation rate of N 2 O 5 slows, resulting in increased partitioning towards N 2 A factor that may moderate dark oxidation of NO x is the fast reaction of NO with NO 3 , which acts as a sink of NO 3 ,
Nitric oxide may be present either from direct emissions, which can persist at night in ozone-titrated air masses, or from photolysis of NO 2 in the day. Away from direct emissions (i.e. outside of a city) and under nighttime conditions, the NO sink is often small. Ayers and Simpson (2006) have demonstrated that high latitude N 2 O 5 lifetimes are significantly shorter than ones reported at lower latitudes. To characterize N 2 O 5 removal mechanisms at high latitudes, we measured N 2 O 5 using offaxis cavity ring-down spectroscopy (oa-CRDS) (Ayers et al., 2005) . With these data and measurements of aerosol particles and ice saturation conditions, we demonstrate that ice is largely responsible for catalyzing N 2 O 5 heterogeneous hydrolysis at high latitudes.
Measurements
In-situ N 2 O 5 mixing ratios were measured using an off-axis cavity ring-down spectroscopy field instrument described in Apodaca (2008) , and based on the optical technique developed by Ayers et al. (2005) . The instrument's precision and accuracy have been verified in an intercomparision exercise carried out at the SAPHIR reaction chamber in Jülich, Germany, as described in Apodaca et al. (2008) . Briefly, ambient air is continuously pulled through a sampling cell at 8 standard liters per minute. A Teflon filter (47 mm Pall Teflo membrane, 2.0 µm pore size) is housed at the mouth of the inlet to minimize light extinction by particles in the cavity. Based on recommendations in Apodaca et al. (2008) , the filters were changed every 3 to 4 h to prevent sample loss due to contaminated filters. It was standard practice to examine the data pre-and post-filter change, looking for improved transmission of N 2 O 5 following a filter change. If an aerosol-loaded filter was producing significant sample loss, we would expect to see higher N 2 O 5 mixing ratios following filter changes as compared to just prior to changing a filter. We did not observe increases in N 2 O 5 upon insertion of clean filters every 3 to 4 h. The all-Teflon analysis cell is heated to measure the sum of NO 3 +N 2 O 5 . The sample first passes through a stage where it is heated to 100 • C, rapidly dissociating the N 2 O 5 to NO 3 +NO 2 (Reaction R3). The sample then enters the second stage where it is probed by measuring direct absorption of NO 3 at 662 nm via off-axis cavity ringdown spectroscopy. The sample is maintained at 85 • C in the second stage to prevent repartitioning back to N 2 O 5 .
The measurements were made at a remote field site located about 20 km WSW of downtown Fairbanks, Alaska (Fig. 1) . Fairbanks and the surrounding area have a population of approximately 80 000 people, making it the second largest population center in Alaska. Fairbanks is geographically isolated, particularly from other anthropogenic NO x sources, with the nearest major city more than 400 km to the south and separated by the Alaska Range with typical elevations ranging from 2000 m to 3000 m. The study site (64.75 • N, 148.09 • W; 135 m elevation) was located in a 45-acre agricultural field, cleared of trees and covered by seasonal snowpack throughout the study. To the north lie the hills of the Tanana uplands with peak elevations of about 1000 m. To the south lie the Tanana River and expansive Tanana flats with an elevation of about 130 m. Radiative cooling resulted in cold temperatures during the study period with strong temperature inversions and highly stratified air. The predominant winds during this study were from the NNE, resulting in the site being at least 20 km downwind from the nearest large NO x source, the city of Fairbanks. To the best of our knowledge, the biogenic NO x contribution has not been characterized in the Fairbanks region. Furthermore, little is known about NO emissions from soils at low temperatures, and even less is known about NO emissions from snow-covered soils. A study by Koponen et al. (2006) indicates that biogenic NO soil emissions are suppressed at low temperatures. For example, Koponen et al. (2006) report that when the soil temperature is near −5 • C, the soil NO flux is ≈1.5 micrograms N/m 2 /hr. That NO will mix through the snow and into the boundary layer, being oxidized by O 3 as it mixes upwards. Simple box model estimates, using a surface layer of 1 m and a lifetime for the oxidation of NO by O 3 of 4 min, predict the steady state biogenic NO mixing ratio to be approximately 0.15 ppbv. This level of NO is below the detection limits of the NO x analyzer used in this study (see below). Oxidation and slow transport of the NO through the snowpack would probably hold the NO significantly lower than this value in the actual case. Once the NO is oxidized, it will add NO 2 to the boundary layer and is likely to mix over a higher height. Assuming a height of 10 m and a 4 h timescale for the boundary layer to ventilate, we get about 1 ppbv NO 2 in the boundary layer. While this level might contribute to the NO x budget, it is significantly lower than anthropogenic NO x from Fairbanks. Therefore, the nitrogen oxides measured in this study are generated in the Fairbanks area without significant contribution from other regional sources. Strong temperature inversions coupled with the topography and weak winds made the study site ideal for observing the isolated Fairbanks pollution plume after significant transport and aging time.
The study was conducted continuously from 7 November 2007 through 19 November 2007. The oa-CRDS instrument was mounted outdoors and the inlet was maintained at 1 m above the snowpack surface. Ancillary measurements of NO and NO 2 were collected using a Thermo Environmental 42c NO x analyzer. Ozone measurements were collected using a Dasibi 1008 RS instrument. Aerosol particle number density was measured with a condensation particle counter (TSI CPC 3010) that had a lower size cutoff of approximately 10 nm. A 3-stage modified DRUM impactor and ion chromatography analysis were used to measure the size distribution and determine the chemical composition of aerosol particles (Perry et al., 1999; Cahill, 2003) . The DRUM impactor was operated in a mode where aerosol particles were impacted on a spot on a Teflon strip. After two hours of sample acquisition, an automated stepping motor moved the impaction location to a separate spot. The spots were visible on the strip due to black carbon present in the aerosol, and were cut out and eluted in ultrapure water and analyzed by ion chromatography (Dionex ICS-2000) . Wind speed, wind direction, and air temperature data were collected at the 1 m inlet elevation using an onsite meteorological tower (Campbell Scientific). Relative humidity data were provided by hygrometers (Campbell Scientific Model HMP45C) mounted 1.5 m above the ground and located near the study site at the Bonanza Creek Experimental Forest and Long-Term Ecological Research station (Chapin, 2007) . Relative humidity data used in this study were collected at site LTER2.
Nocturnal nitrogen oxide partitioning
For simplicity of discussion, we refer to nocturnal nitrogen oxides as NO N and define them as the sum of NO 3 +N 2 O 5 . The formation of NO N is the result of oxidation of NO 2 by ozone to form NO 3 , Reaction (R1). Subsequent conversion to N 2 O 5 (Reaction R2) proceeds rapidly. For example, at NO 2 levels of 5 ppbv, −20 • C, 1 atmosphere pressure, typical conditions during our study, the lifetime of NO 3 with respect to the formation of N 2 O 5 is 5 s. In comparison, the thermal dissociation lifetime of N 2 O 5 to form NO 3 +NO 2 (Reaction R3) is 4 h (again at −20 • C). The result is that NO N spends very little time as the nitrate radical before partitioning to N 2 O 5 , and NO N ≈N 2 O 5 . Under typical study conditions, the NO 3 abundance is negligible and the reactive losses of nitrate radical are generally too slow to compete with partitioning to N 2 O 5 . The only processes fast enough to compete for reaction of NO 3 with formation of N 2 O 5 is the fast reaction of NO with NO 3 (Reaction R5) and to a lesser extent, the daytime photolysis of NO 3 . For example, the lifetime of NO 3 with respect to reaction with 0.3 ppbv NO is about 5 s, while the lifetime with respect to photolysis (j −NO 3 =0.2 s −1 ) is also 5 s with overhead sun (FinlaysonPitts and Pitts, 2000) . For NO levels greater than about 1 ppbv, the reactive sink of NO 3 (with NO) is very important as it becomes faster than formation of N 2 O 5 . Thus, only nighttime data at low NO will be considered for detailed lifetime analysis.
Steady state lifetimes and other considerations
Assuming rapid conversion of NO 3 to N 2 O 5 and little thermal dissociation of N 2 O 5 , valid during our study because at cold temperatures Assuming steady state for N 2 O 5 , this equation may be rearranged to
Here, the symbol τ (N 2 O 5 ) indicates the steady state lifetime of N 2 O 5 . Brown et al. (2003) use a simple box model to demonstrate that the applicability of the steady state approximation to NO 3 and N 2 O 5 atmospheric observations depends upon the strength of sinks for NO 3 and N 2 O 5 , the concentration of NO 2 , and the ambient temperature. Model results indicate that, in polluted air masses (i.e. large NO 2 mixing ratios) and cold conditions, when NO 3 and N 2 O 5 sinks are weak, the approach to steady state can be slow. In the simulations of Brown et al. (2003) , the timescale of the approach to steady state can exceed the duration of a typical dark period (>12 h). Under such conditions, the steady state approximation would not be valid. However, as will be shown below, if the losses of N 2 O 5 are sufficiently fast, the system achieves steady state on a rapid timescale, and we argue that our data indicate that the system does achieve steady state.
In the case where NO 3 losses can be ignored, the ratelimiting step for loss of N 2 O 5 is the heterogeneous hydrolysis Reaction (R4). Therefore, the kinetic expression for N 2 O 5 (Eq. 1) simplifies to an exponential approach to steady state with relaxation time (the time to reach 63%=1−e −1 of steady state) equal to the loss lifetime of N 2 O 5 . Generally, the behavior of N 2 O 5 can be considered in the context of fast or slow losses. ]/dt is equal to the source rate. Thus, in the limit of short plume-processing times compared to the N 2 O 5 loss lifetime, N 2 O 5 should increase as the integral of its source rate. Therefore, we can examine the temporal behavior of N 2 O 5 in an aged airmass to determine if it is near steady state or not. If the system has a short inferred lifetime and follows the source rate with lags on the order of the inferred lifetime, we would indicate that it is near steady state. Alternatively, if N 2 O 5 increases as the integral of the source rate, the system is clearly not at steady state. Figure 2 shows the time series of NO, NO 2 , O 3 , N 2 O 5 for the entirety of the campaign. All data are recorded at instrument-native time resolutions (typically 1-2 s) and averaged to 1 min data for analysis. N 2 O 5 abundance (upper panel) varies from a maximum near 100 pptv (parts per trillion by volume) to sub-detection limit. When N 2 O 5 is present, diurnal variation is evident with lower levels during the day (shaded background regions) and highest levels occurring at night. However, note that when NO is low in the day, the low sunlight intensity of late November in Fairbanks (65 • N) allows significant N 2 O 5 levels to exist in the day. NO 2 and NO levels range from near zero to a maximum of about 20 ppbv. Low levels of fresh pollution at the study site are evidenced by the low levels of NO for most of the study. A notable exception of NO occurring at night was observed during a highly polluted "ozone titration" event on 16 and 17 November. Ozone levels range from below the instrumental detection limit to around 35 ppbv. Regional background ozone levels in the Fairbanks area during November are typically near 35 ppbv, and thus we observe significant O 3 losses, most probably contributed to by the nocturnal ozone loss associated with the dark NO x oxidation pathway (Brown et al., 2006a) .
Results
As discussed above, certain conditions are amenable to formation of N 2 O 5 , and thus we want to identify conditions where N 2 O 5 should be forming, enabling the observation of its loss processes. We color the N 2 O 5 data in Fig. 2 and all subsequent plots by the code of yellow for "rejected" values, where trivial losses of N 2 O 5 preclude lifetime analysis, and dark blue for "selected" values, where N 2 O 5 should be forming sufficiently rapidly to warrant lifetime analysis. The conditions we use to identify selected data are: 1) The sun is below the horizon. 2) NO is less than 1 ppbv, the approximate limit quantification of the NO x analyzer. Exceeding this threshold would indicate that the airmass is titrated of ozone or impacted by a local plume. Furthermore, at 1 ppbv NO the rate of Reaction (R5) (destruction of NO 3 ) exceeds the rate of Reaction (R2) (formation of N 2 O 5 ) and, as a result, very low levels of NO N would be present in the air mass. 3) Both of these conditions have been valid for at least a half hour. And 4) that the source rate of N 2 O 5 is more than 10 pptv/hr, which is meant to preclude analysis of very clean (unpolluted) air masses.
Discussion

Validity of the steady state approximation
Steady state lifetimes were calculated for the entirety of the study, using N 2 O 5 , NO 2 , and O 3 measurements and temperature-dependent values for k 1 based on NASA/JPL recommendations (Sander et al., 2006) . Lifetimes ranged from sub-minute to roughly 2 h, with a median value of about 10 min. These values are in agreement with previous measurements in Fairbanks (Ayers and Simpson, 2006) . Figure 3 shows the steady state lifetimes, N 2 O 5 source rate, and N 2 O 5 abundance for two selected periods during the study and can be used to further confirm the applicability of the steady state approximation.
In Fig. 3 , period I is an example of times where N 2 O 5 abundance was elevated (greater than 20 pptv) and when longer steady state lifetimes were observed (20 to 60 min). Period II is representative of periods with suppressed N 2 O 5 abundance (less than 20 pptv) and short steady state lifetimes (less than 20 min). The absence of N 2 O 5 in the early times of periods I and II is due to rapid losses associated with daytime conditions (reaction with daytime NO and NO 3 photolysis). As nightfall occurs, the build-up of N 2 O 5 progresses until shortly after sunset when N 2 O 5 levels stabilize and reach relatively steady conditions, clearly following source rate fluctuations with only small lags.
Multiple lines of arguments support the validity of the steady state analysis. First, based on measurements made at the study site and review of National Weather Service radiosonde data from the Fairbanks airport, wind speeds in the lowest 1200 m of the troposphere were typically below 3 m/s for the entirety of the study. Thus, the shortest processing times for air masses can be estimated by considering that the nearest NO x source is minimally 20 km upwind (depending upon actual airmass trajectory). At maximal windspeeds, a minimum transport time of 2 h is required for the airmass to reach the study site. Therefore, most air masses are more aged than a couple hours, allowing sufficient time for steady state lifetimes of less than a few hours to be observed. However, we observe steady state lifetimes on the order of tens of minutes, indicating losses on timescales shorter than typical transport times.
Second, the discussion above indicated that if the actual lifetime of N 2 O 5 is long compared to the processing timescale, the temporal behavior of N 2 O 5 should be increasing as the integral of the source rate. We do not observe the N 2 O 5 mixing ratio behaving as the integral of the source rate, but instead following the source rate on the timescale of less than an hour. The representative data in Fig. 3 demonstrates that the hourly source of N 2 O 5 is generally greater than the measured N 2 O 5 mixing ratio, indicating that the N 2 O 5 abundance would be produced in an hour or less. Considering that the typical transport time was greater than 2 h, yet the detected N 2 O 5 abundance was significantly less than the expected cumulative production, the clear indication is the presence of a significant N 2 O 5 loss. The loss occurs on the timescale of an hour or less, again validating the idea that these air masses have had sufficient time to reach steady state.
Third, referring to Fig. 2 , we can consider that nearly all of these air masses have experienced loss of odd oxygen (O x =NO 2 +O 3 ). For fresh pollution at night, O x is conserved (Brown et al., 2006a) , and thus loss of O x indicates chemical aging. For each molecule of N 2 O 5 hydrolyzed, three molecules of O x are lost. Thus, the loss of O x is three times the formation rate of N 2 O 5 . Accounting for dilution limiting O x loss at our study site, we estimate that polluted plumes experience initial nighttime O x loss at rates of about 1 ppbv/hr. Many of the observed air masses had significant O x loss (>10 ppbv O x loss from the regional background of ≈35 ppbv). Subsequently, these air masses appear significantly aged, often more than 10 h.
All of the evidence presented in Figs. 2 and 3 suggest that N 2 O 5 losses are significantly strong to allow NO N to achieve steady state rapidly (on the same timescale as the lifetime), and that the steady state approximation is generally valid during our study period. 6.2 Loss of N 2 O 5 and relative humidity with respect to ice Time series of N 2 O 5 mixing ratios (top trace) and relative humidity with respect to ice (RH, bottom) covering the duration of the study are presented in Fig. 4 . Figure 4 shows a clear anticorrelation between N 2 O 5 abundance and RH. When RH is less than 100%, N 2 O 5 abundance sometimes reaches its highest levels. Conversely, when RH is greater than 100%, N 2 O 5 abundance is generally suppressed, even though our selection criteria assure that conditions are favorable for formation of N 2 O 5 . Figure 5 shows the dependence of the N 2 O 5 steady-state lifetime on the relative humidity with respect to ice. In this and further analysis, we present lifetimes on logarithmic axes because the distribution of lifetimes is very broad and grouping data in this manner leads to nearly normal (Gaussian) distributions. In this plot, we see that sub-saturated air masses show longer lifetimes than ice-saturated air masses. From the plot, it is clear that there are many points that are icesaturated but near 100% RH. This behavior is expected because once ice nucleates, water vapor will condense on the ice crystal, holding the RH near saturation. On the other hand, sub-saturated air masses will not have ice present, and can take on a wider range of RH values. We analyze the data in two regions, ice-saturated and sub-saturated, and find nearly a factor of three difference in the mean log-lifetime. Figure 6 shows the same data replotted as normalized histograms of observed N 2 O 5 lifetime distributions either at ice-saturated or sub-saturated humidities. The ice-saturated (RH>100%) population, shown in blue in Fig. 6 , has a peak value of about 6 min. The sub-saturated (RH<100%) population, shown in red, has a peak value near 20 min. Significance testing rejected the null hypothesis that the two populations' means were the same, with a confidence interval at more than 99.9%. Thus, the difference between the ice-saturated and sub-saturated populations is significant and shows that ice formation plays a major role in the loss of N 2 O 5 .
Two possible hypotheses could explain the observed dependence of the N 2 O 5 lifetime on the relative humidity with respect to ice. First it is possible that when airmasses become supersaturated with respect to ice, they nucleate a large surface area of ice, which then acts as a surface for heterogeneous hydrolysis of N 2 O 5 . An alternative hypothesis takes the RH with respect to ice as a proxy for airmass contact with the snowpack. If an airmass comes in contact with snowpack, it will equilibrate to having 100% saturation with respect to that snow, either through sublimation or condensation, depending upon whether the airmass was sub-or super-saturated before contact. On the other hand, airmasses that have no contact with the snowpack, say descending from aloft recently, could be sub-saturated with respect to ice. Therefore, it may be the case that RH with respect to ice is an indicator of degree of airmass contact with the snowpack with very near saturated (or slightly supersaturated) airmasses having had recent contact with the snowpack and drier airmasses indicative of descent of air from aloft and less snowpack contact. In the following two sections, we explore these two hypotheses. for selected data split into populations where RH was greater than 100% (blue, solid line) and where RH was less than 100% (red, dashed line). The peak value for the ice-saturated lifetimes is near 6 min and is significantly shorter than the peak value for the sub-saturated lifetimes, which is near 20 min.
Loss of N 2 O 5 on suspended ice particles
For relative humidity with respect to ice less than 100%, ice should evaporate, thermodynamically, and suspended ice particles should not be present. When air cools and RH supersaturates, that is, becomes greater than 100%, ice crystals should thermodynamically form. However, nucleation of ice crystals can be a significant barrier to ice crystal formation, allowing RH to exceed 100%. Curry et al. (1990) indicate that at cold temperatures particles often nucleate near the thermodynamic threshold. Therefore, we use a threshold of 100% to separate conditions that may have suspended ice particles from those that cannot have ice present.
The observed N 2 O 5 lifetimes, in combination with particle surface area can provide an estimate of the N 2 O 5 uptake coefficient, γ (N 2 O 5 ). The uptake coefficient describes the efficiency with which N 2 O 5 undergoes heterogeneous hydrolysis per collision with particles. For particles less than 1µm diameter, which do not suffer kinetic limitation by mass transport, the reactive uptake coefficient is given by
Here,c is the mean molecular speed of N 2 O 5 , and A is the aerosol surface area density. Ice particle concentrations have been measured to exceed 1000 L −1 (=1 cm −3 ) in the Arctic (Girard et al., 2005; Curry et al., 1990; Ohtake et al., 1982) . Studies of polluted air masses in the Arctic and ice particle size distribution measurements are scarce but have been measured by Benson (1965) , who measured ice particles to be between 5 and 10 µm, and Ohtake and Huffman (1969) , who measured ice fog ice particles between 4 and 6 µm modal radius. Ice crystal concentration size distributions were used to infer a modal radius of 10 µm by Witte (1968) during aircraft measurements in Barrow, Alaska. Gotaas and Benson (1965) cite a radius of 25 µm for a radiative cooling study in the Fairbanks area. These values span a fairly wide range but are on the order of a 10 µm modal radius (20 µm diameter) with number densities of a up to ≈1 particle per cm 3 . Spherical particles with 20 µm diameters have a surface area of ≈1250 µm 2 /particle and non-spherical shapes of the same volume would have higher surface areas per particle, thus suspended ice surface area densities could easily exceed 1000 µm 2 /cm 3 . For our location, the presence of pollution aerosol particles might cause an increased number of particles to form, which also may be smaller due to spreading the available condensed water across more ice particles. This effect was predicted by Twomey (1974) , and has been observed in satellite observations that show pollution suppresses rain and snow (Rosenfeld, 2000; Toon, 2000) . Both increased ice particle number and decreased size would increase the surface area significantly and decrease fall rates, resulting in increased atmospheric lifetimes for the particles. Therefore, it is likely that significantly more than 1000 µm 2 /cm 3 polluted ice surface area density is present in ice-saturated air masses.
Even with some size reduction, ice particles may not be in the submicron size range, and Eq. (3) would then not be directly applicable due to mass transport limitations. However, because the size of the particles is probably near the micron size threshold, we feel it is useful to consider the magnitude of the inferred reactive uptake coefficient (γ ) using a lifetime of 6 min (the peak of the ice-saturated data) and an A of ≈1000 µm 2 /cm 3 . In this limit, one arrives at an estimate of 0.05 for γ (N 2 O 5 ) on polluted ice particles. While not quantitative, this estimate is in reasonable agreement with laboratory and ambient observations of γ (N 2 O 5 ) with respect to aerosol particles (Hanson and Ravishankara, 1991; Hallquist et al., 2000; Mentel et al., 1999; Leu, 2003; Brown et al., 2006b) . A better estimate of the reactive uptake coefficient is not possible because we do not know the size of the particles nor their abundance. Thus, we simply note that reaction on suspended ice surfaces is a feasible scenario based upon past work on ice particulate pollution in Fairbanks. It is important to consider the state of the surface of the ice particles. The particles are formed in a polluted airmass that contains at least partially soluble aerosol particles. Measurements of Fairbanks pollution indicate approximately 20% of the aerosol particle mass is sulfate (Di Genova and Dulla, 2007) . Sulfate that would nucleate or stick to ice particles would be expected to partition to the surface and locally melt the ice surface. Therefore, ice particles forming in polluted and ice-saturated air masses are unlikely to be pure ice. Instead, the ice particles are likely to have surfaces coated with concentrated aqueous solutions containing sulfate, which have been shown to have relatively high surface reactivity from ambient observations (Brown et al., 2006b) . Undoubtedly, further studies characterizing ice particle surface area density are required to quantify the role of ice particles in the removal of N 2 O 5 from the atmosphere. However, the significant difference we observe between ice-saturated and sub-saturated N 2 O 5 lifetimes clearly indicates that ice has a significant effect on N 2 O 5 heterogeneous hydrolysis.
6.4 Loss of N 2 O 5 on snowpack As discussed earlier, an alternative hypothesis is that the RH with respect to ice is an indicator of dynamic contact of airmasses with the snowpack. In this hypothesis, we would expect that saturated airmasses had recent contact with the snowpack, and short N 2 O 5 lifetimes may then indicate deposition of N 2 O 5 to the ice surfaces in the snowpack. The longer lifetimes representative of drier airmasses may then be indicative of losses on other surfaces or less dynamic contact with the surface. We know of no measurements of the deposition velocity of N 2 O 5 to snow surfaces, but measurements of deposition of HNO 3 indicate deposition velocities on the order of 1-2.5 cm s −1 (Levy and Moxim, 1989) . The boundary layer is generally very stable during nighttime in these data due to strong radiative cooling from the snow surface and low wind speeds, so it is not easy to define a well-mixed surface layer from which N 2 O 5 would deposit. However, if we take the lowest 5 m of the atmosphere to be well mixed and a deposition velocity of 1 cm s −1 , the N 2 O 5 lifetime would be 500 s or about 8 min. This timescale is similar to the observed lifetime of N 2 O 5 for ice-saturated airmasses, so it appears feasible that deposition to the ice in the snowpack is responsible for the rapid loss of N 2 O 5 under ice-saturated conditions. The longer lifetimes observed under unsaturated conditions would then be indicative of less turbulent contact with the surface.
6.5 Loss of N 2 O 5 with respect to aerosol particles A third hypothesis would be that N 2 O 5 losses occur on submicron aerosol particles, as has been considered under warm conditions (Brown et al., 2006b ). Our observations of aerosol particles did not include a direct measurement of the aerosol surface area density; therefore, other aerosol measurements were used to constrain estimates of the aerosol surface area density and to consider losses of N 2 O 5 on aerosol particles. The aerosol particle measurements were carried out in a heated shelter, and thus, any ice particles that may have been sampled would have evaporated, and we would measure only their non-volatile nuclei. Volatilization can also result in under-determination of semi-volatile compounds (e.g. nitric acid) in ice particle nuclei or aerosol particulate matter. Therefore, the following analysis is focused solely on the data derived from collection of non-volatile sulfate aerosol particles.
If N 2 O 5 losses on aerosol dominate, the expected result would be an anticorrelation between τ (N 2 O 5 ) and aerosol surface area, where lifetimes would be shorter in the presence of higher surface areas. Figure 7 shows a time series of the N 2 O 5 mixing ratio with two directly measured aerosol properties, particle number density and total submicron sulfate mass concentration. The aerosol data start later than the N 2 O 5 measurements, and are sometimes missing due to equipment operations or malfunctions. The sulfate data are derived from the modified drum instrument and generally have 2-h time resolution, leading to a discontinuous appearance. On 12 November, the aerosol instrument malfunctioned leading to a single 24-h sample. While Fig. 4 showed a visible anticorrelation between N 2 O 5 and ice saturation, these data (Fig. 7) fail to show clear anticorrelation with aerosol abundance.
The size-resolved sulfate mass concentration data were converted to aerosol surface area estimates as described below. Sulfate was only present in the two smaller size bins, which measure particles 0.12 to 0.30 µm diameters (geometric mean diameter 0.19 µm) and 0.30 to 0.84 µm diameters (geometric mean diameter 0.50 µm). The majority, 60%, of the mass was in the smaller size range, with the remaining 40% in the larger submicron size bin. The raw measurement is the sulfate aerosol concentration (µg/m 3 ), which is converted to an estimated total particulate concentration in each size bin by dividing by the ratio of sulfate to total particulate mass. The total aerosol concentration, for each of the size bins, is then converted to a surface area based upon spherical particles with a density of 1 g/cm 3 at the mean geometric diameter of the size bin. The surface area is dominated by the smallest bin, which contains 80% of the surface area, with a small contribution by the middle bin (20%). The campaign average aerosol surface area is 24 µm 2 /cm 3 . Figure 8 shows the relationship between the N 2 O 5 steady-state lifetime and the aerosol surface area. No obvious anticorrelation is seen in these data, so we attempted to bin the data into four levels of aerosol surface area. The black line shows the mean of the log-lifetime distribution in each of these four bins, while the dashed lines show ± one standard deviation of log-lifetime. No significant trending of the lifetime is observed in these data, again indicating that aerosol surface area does not appear to be controlling the N 2 O 5 lifetime. It is possible that high variability in the reactive uptake coefficient on aerosol particles would act to mask a direct relationship with aerosol surface area. In fact, Brown et al. (2006b) observed a large variability in γ (N 2 O 5 ) when changing between Ohio River Valley acidic sulfate aerosol and maritime aerosols. However, in our study, there is one dominant source of aerosol, Fairbanks pollution, which would be expected to have more constant aerosol properties than the aircraft-sampled data reported by (Brown et al., 2006b) .
The report by Di Genova and Dulla (2007) indicates that less than 10% of the total aerosol mass in Fairbanks is from nitrate. The Di Genova and Dulla (2007) methods were based upon filter sampling, which could under-sample nitrate due to revolatalization, and thus there could be more nitrate in the actual aerosol. However, it is difficult to attribute the short N 2 O 5 lifetimes observed during our study to suppression of the nitrate effect (Mentel et al., 1999) at high RH. Given the cold conditions of our study (typically −10 to −30 • C) and RH with respect to ice (Fig. 4) , it is likely that the majority of the water associated with the aerosol particle was frozen, and similarly to the discussion above for sulfate and ice particles, aerosol particles are likely to have surfaces coated with concentrated nitrate solutions, potentially increasing the nitrate effect on N 2 O 5 hydrolysis.
To estimate the N 2 O 5 reactive uptake coefficients on aerosol particles, we again refer to Eq. (3). Estimates for aerosol surface area density, A, were arrived at using two independent methods. First, we used the average surface area, 24 µm 2 /cm 3 , calculated from the modified drum impactor data. Alternatively, as a check of these calculations, we converted the condensation particle counter number density data to an inferred surface area using published tri-modal log-normal particle size distributions. Parameters for this conversion were taken from Seinfeld and Pandis (1998) for "urban" and "rural" pollution. The urban and rural distributions give differing estimates of surface area of 31 and 54 µm 2 /cm 3 , respectively, and while the estimation is clearly crude, it indicates that dry aerosol surface areas are relatively small. While these various estimates of aerosol surface area are only semi-quantitative, because of the necessity to make assumptions regarding the aerosol properties, each estimate gives surface area densities that are maximally around 50 µm 2 /cm 3 . The resultant estimates for γ (N 2 O 5 ), assuming all losses occur on aerosol particles, would be approximately equal to unity, more than an order of magnitude higher than other observed values (Hanson and Ravishankara, 1991; Hallquist et al., 2000; Mentel et al., 1999; Leu, 2003; Brown et al., 2006b) . Therefore, the large losses of N 2 O 5 observed in our study are not readily explained by particulate pollution in the cold Fairbanks pollution plume. Instead, the lack of anticorrelation of N 2 O 5 lifetime with particle counts and sulfate mass, in addition to estimates of surface area indicating that aerosol particles are insufficient to explain losses of N 2 O 5 using laboratory values of γ (N 2 O 5 ), supports the idea that other surfaces are important for N 2 O 5 losses in cold high-latitude plumes. We find that the presence of ice is correlated with N 2 O 5 losses and hypothesize that the responsible ice surfaces exist either in the seasonal snowpack or as suspended ice particles. Further study of these two loss mechanisms is clearly needed.
Conclusions
We have presented the first direct observations implicating ice as being the surface that catalyzes heterogeneous hydrolysis of N 2 O 5 in the cold, nighttime boundary layer at high latitudes. The observations show a strong anticorrelation for both N 2 O 5 abundance and τ (N 2 O 5 ) when compared to relative humidity with respect to ice. When the RH is greater than 100% and ice is likely present, τ (N 2 O 5 ) is short and N 2 O 5 levels are suppressed. On the other hand, when the RH is less than 100%, ice is probably absent and τ (N 2 O 5 ) is long and N 2 O 5 levels are elevated. The difference between the peaks of these two lifetime distributions is approximately a factor of three. Seasonal snowpack holds the air in the boundary layer nearly saturated with respect to ice for much of the cold season (Andreas et al., 2002) . Nighttime cooling may then form small ice particles and pollution may also produce increased numbers of ice nuclei that could increase the number and decrease the size of ice particles as well as modify the chemical nature of their surface by presenting soluble impurities to the atmosphere. Suspended ice particles are ubiquitous in the atmosphere at high latitudes and are responsible for halos, ice pillars, and other well-known optical phenomena (Tape, 2006) . The ubiquity of ice, both as suspended particles and in snowpack, may indicate that cold plumes are "self-scrubbing" of nitrogen oxides through an N 2 O 5 heterogeneous hydrolysis pathway that uses ice as the reactive surface. Dentener and Crutzen (1993) found that in order to reproduce NO x and nitrate ion deposition patterns observed at high latitudes, their model required inclusion of N 2 O 5 heterogeneous hydrolysis on aerosol surfaces. While the γ (N 2 O 5 )=0.1 value used in their model was based on the literature available at the time, that value is higher than what was found in the recent literature and suggests other potential N 2 O 5 loss mechanisms may be acting. Therefore, our finding that ice catalyzes N 2 O 5 loss helps to resolve this modeling study with recent laboratory and mid-latitude field measurements. Further characterization of polluted ice as a sink for N 2 O 5 is critical to understanding NO x budgets at high latitudes. Lastly, characterizing N 2 O 5 loss on ice surfaces is important for determining the spatial and temporal footprint of acid deposition and nitrogen fertilization in such sensitive regions as the Arctic. As NO x inputs to the Arctic grow from increasing fossil fuel consumption or ship traffic in the Northwest Passage, the ecological impacts of NO x oxidation and the subsequent nitrogen deposition becomes more important to understand.
